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We have simultaneously measured the evolution of intermetallic volume, stress, and whisker density
in Sn and Pb–Sn alloy layers on Cu to study the fundamental mechanisms controlling whisker
formation. For pure Sn, the stress becomes increasingly compressive and then saturates,
corresponding to a plastically deformed region spreading away from the growing intermetallic
particles. Whisker nucleation begins after the stress saturates. Pb–Sn layers have similar
intermetallic growth kinetics but the resulting stress and whisker density are much less.
Measurements after sputtering demonstrate the important role of the surface oxide in inhibiting
stress relaxation. © 2008 American Institute of Physics. �DOI: 10.1063/1.2912528�

Sn whiskers are widely recognized as a reliability con-
cern when Pb-free Sn platings are used in electronics
manufacturing,1,2 contributing to numerous system failures.3

Whiskering can be prevented by the alloying of Pb into the
Sn coatings, but legislation restricting the use of Pb in manu-
facturing has led to their re-emergence as a problem.

Although stress in the Sn layer is accepted as a driving
force for whisker formation,4–9 there is a lack of understand-
ing about how the stress is generated and how it is transmit-
ted into the layer. Moreover, many parameters �growth pro-
cess, grain size, thickness, etc.2,10–14� have been shown to
play a role in whisker formation, so it is difficult to rigor-
ously compare results from different groups. To address
these issues, we have simultaneously measured the real-time
evolution of whisker density, film stress, and intermetallic
compound �IMC� formation on the same set of samples.
These measurements allow us to observe the correlation be-
tween these parameters, e.g., how the stress saturates even
though the IMC continues to grow and how whisker nucle-
ation only occurs after the stress saturates. Our measure-
ments point to the important role of plastic deformation in
accommodating the strain induced by the IMC growth and
transmitting the stress over long distances into the Sn layer.
Equivalent experiments on Pb–Sn alloy layers demonstrate
how the addition of Pb prevents the stress from building up
during IMC growth, thus suppressing whisker formation.

The film stress was measured by using a multibeam op-
tical system15,16 to monitor the wafer curvature. For films
that are thin relative to the substrate, the curvature is propor-
tional to the sum of the stresses integrated over each layer in
the film17 �referred to as the force/width or stress thickness�.
To individually determine the average stress in the Sn or
Pb–Sn layers, we measure the change in the curvature when
these layers are selectively removed by etching. The volume
of Cu–Sn IMC �Cu6Sn5� was determined by weighing the
sample before and after etching of the Sn or Pb–Sn layer
�similar to the method reported by Obemdoff et al.18 and
Zhang et al.19�. The mass difference corresponds to the

amount of Sn that has been incorporated into the IMC.
We optically monitored the whisker density by illuminat-

ing the sample at an oblique angle and measuring with a
video camera over a field of view of 1 mm2. Under these
conditions, the resolution is insufficient to directly image the
whisker, but the light scattered from the whisker is captured
as a bright spot. The technique enables a large area of surface
to be monitored continuously over a long period of time and
the density to be easily quantified. Results of the optical
density determination were compared scanning electron mi-
croscopy �SEM� analysis of the same surface, which con-
firmed that the two techniques measure the same surface fea-
ture density.

The multilayer samples were fabricated on oxidized Si
substrates that were coated by electron beam deposition with
a 15 nm Ti adhesion layer and a 600 nm Cu layer. Pure Sn
and Sn alloy layers �10 wt % Pb� were electrodeposited over
the Cu from commercial plating solutions to a thickness of
1200 nm at a growth rate of 7 nm /s. A series of eight to ten
samples were prepared at the same time under the same con-
ditions; some were continuously monitored �for whisker den-
sity�, while others were etched at selected time intervals to
determine the IMC mass and the stress.

Measurements of the IMC volume, film stress, and whis-
ker density from pure Sn layers electrodeposited on Cu are
shown in Fig. 1 over a period of 5 days. The IMC volume
�Fig. 1�a�� continuously increases with a rate that decreases
for longer times. The stress in the Sn layer �Fig. 1�b�� is
initially tensile but becomes increasingly compressive over
time and then saturates at a value of approximately
−12 MPa. The whisker density �Fig. 1�c�� remains small for
an incubation period of approximately 13 h and then rapidly
increases.

SEM and transmission electron microscopy �TEM� ex-
aminations show that the IMC forms by nucleation and
growth of particles on the Sn side of the Cu–Sn interface �as
also reported by others19–21�, which is consistent with rapid
diffusion of Cu into Sn.5,21 These observations further show
that the particles continue to grow into the Sn layer even
after the IMC has formed a continuous layer at the interface.a�Electronic mail: eric�chason@brown.edu.
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Although a relationship between IMC growth and stress
generation has been previously suggested, the emphasis has
been on the elastic stress fields generated around the
particles4 or in the layers.8,9 However, the measured size of
the IMC particles indicates that they grow too large for the
stress to be elastically accommodated.22 Therefore, plastic
deformation processes in the surrounding Sn matrix must be
considered, leading to the following picture for the stress
evolution kinetics.

As the IMC particles grow, their volume expansion cre-
ates a stressed region that extends into the Sn layer. Large
local stresses near the Sn/IMC interface cause the emission
of dislocations and creation of a plastically deformed region
in the vicinity of the particles. Cross-sectional TEM obser-
vations �Fig. 2� confirm the presence of numerous disloca-
tions, both isolated and arranged in groups in the form of
subgrain boundaries that result from their alignment into low
energy configurations. Additionally, a flux of point defects
�created by the ejection of excess Sn atoms or absorption of
vacancies around the growing particles� is thought to rapidly
diffuse along the grain boundaries, creating stress farther
away from the interface. Spread by both dislocations and
diffusional processes, the stress rises throughout the Sn layer
as the IMC grows. When the stress reaches the yield stress of
Sn, however, further growth of the IMC results in plastic
deformation in the Sn, which does not create additional
stress in the layer. Thus, a plastically deformed region even-
tually extends across the entire Sn layer with a uniform stress
equals the Sn yield stress ��11 MPa �Ref. 23��. At this point,
the average stress in the layer saturates, as seen in the wafer
curvature measurements. Work hardening is virtually absent
at room temperature due to active dynamic recovery pro-
cesses.

The spreading of the stressed region across the Sn layer
is instrumental for both whisker nucleation and growth. For
whiskers to nucleate, the native oxide on the surface must be
cracked. Elastic stress fields around growing IMC particles at
the Cu–Sn interface would be too short range to induce large
stresses at the surface. However, dislocation and point defect
motion allow the stress to be transmitted over the entire
thickness of the Sn layer and create significant stress at the
Sn/oxide interface. This is reflected in the whisker density
�Fig. 1�c�� which shows that the whiskers start to nucleate at
the point where the stress saturates, i.e., when the stressed
region has extended across the sample. After the oxide
cracks, the resulting stress gradient can drive diffusional
creep of atoms to the whisker base and enable growth of the
whisker, as originally suggested by Tu.24

The oxide layer plays an important role in the stress
development by preventing relaxation at the surface. This is
shown by in situ measurements of the stress before and after
sputtering the surface �Fig. 3�. The measurements were made
several days after deposition �i.e., after the stress in the Sn
layer had reached saturation�. The stress thickness changes

FIG. 1. Measurements of IMC volume, average stress, and whisker density
in layers of ��a�–�c�� pure Sn and ��d�–�f�� Pb–Sn alloys on Cu. Drawn-in
lines are guides for the eyes.

FIG. 2. Cross-sectional TEM of Sn layer on Cu showing the presence of
individual dislocations and arrays of dislocations formed into subgrain
boundaries.

FIG. 3. Measurement of change in stress thickness in Sn on Cu layers when
the surface oxide is removed by sputtering. The arrows indicate when the
ion beam is turned on and off.
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while the beam is turned on �arrows in figure�, but when the
beam is turned off, it relaxes to a more tensile value than it
had before sputtering. When the process is repeated, the
stress thickness after sputtering returns to the same value as
before sputtering. The irreversible change after the first se-
quence of sputtering is due to the relaxation of stress in the
Sn enabled by the removal of the oxide layer. The change in
stress thickness after sputtering is the same magnitude as that
caused by the compressive stress in the Sn layer. The oxide
contributes to the buildup of stress in the Sn by preventing
the annihilation of dislocations and point defects at the sur-
face. When the oxide is removed, these defects are able to go
to the free surface and relieve the stress. TEM observations
also show that dislocations pile up below the oxidized Sn
surface but are able to annihilate at clean Sn surfaces where
the oxide is not present.25

To understand how the addition of Pb suppresses whis-
kering, equivalent measurements were performed on Sn–
10%Pb alloy samples, as shown in Figs. 1�d�–1�f�. The IMC
growth kinetics in the alloy layer �Fig. 1�d�� are similar to
pure Sn but with a slower rate at long times. However, the
stress that develops in the Pb–Sn layer �Fig. 1�e�� is much
less than that in the pure Sn layers �Fig. 1�b��, and the cor-
responding whisker density �Fig. 1�f�� does not show a mea-
surable increase over the entire course of the experiment.

Since the average stress is different for similar amounts
of IMC growth, this suggests a significant difference in the
stress relaxation processes between Pb–Sn and Sn coatings.
Boettinger et al.8 have observed that the addition of Pb modi-
fies the microstructure of Pb–Sn layers so that they have a
more equiaxed grain structure than the columnar microstruc-
ture found in pure Sn. The addition of many horizontal grain
boundaries may create sinks for the dislocations and point
defects, which allows the strain to be accommodated without
the generation of stress. Alternatively, the Pb may modify the
oxide adherence or strength so that the surface can act as a
sink for defects and reduce the buildup of compressive stress.
At long times, the apparent reduction in the IMC growth
kinetics due to Pb may also play a role in reducing stress
generation. In each of these cases, the reduction in stress in
the Pb–Sn layers lowers the driving force for whisker growth
and/or prevents oxide cracking, which leads to a lower whis-
ker density.

In summary, the correlations between IMC growth,
stress, and whisker density highlight the mechanisms that
control stress, evolution and whisker formation in Sn and
Pb–Sn layers. Dislocation motion and point defect diffusion
allow the stress generated around growing IMC particles to
be transmitted over longer distances, saturating when the
plastically deformed region spreads over the entire film
thickness. The resulting stress acts as a driving force for

whisker growth, as well as a source for oxide cracking. In
Pb–Sn layers, enhanced relaxation processes reduce the film
stress and therefore suppress the onset of whisker formation.
We note that this picture does not explain what critical stress
is needed to cause whiskers to form or why the whiskers
form where they do. Specific grain orientations or morpholo-
gies may also enhance the cracking of the oxide or growth of
whiskers from particular grains, but such effects have not
been confirmed and remain to be studied.
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